Abstract: We report improved light transparency over a broad bandwidth in a metal-layered structure with two film-coupled subwavelength non-close-packed plasmonic arrays. Through the introduction of dual ultrathin dielectric spacing layers between the metal layer and the double plasmonic disk arrays, coupling of the input and output effects of light is efficiently enhanced through strong near-field localized plasmon resonances between adjacent plasmonic disks and the near-field plasmon cavity mode in the gap between the double plasmonic arrays and the metal layer. A broad bandwidth of 300 nm with near-unity light transmittance (above 90%) in the optical regime is achieved through the localized plasmon resonances and the symmetrical structure used here. The transparency of this structure is polarization independent and incident angle insensitive, and can be tuned by varying the structure parameters and the dielectric environment. In addition, the period of the plasmonic arrays and the thickness of the nanometer-separated plasmonic structure are less than /20 and /8, respectively. These values suggest that the proposed structure may have potential applications in deep subwavelength optoelectronic devices, including broadband optically transparent electrodes, highly integrated light input and output components, and plasmonic filters.
Introduction
Making a metal transparent has attracted increasing attention because of the potential applications in optoelectronics. By designing metal materials with different structures, interesting electromagnetic properties could be achieved [1] - [7] . These properties provide a new approach to make a metal transparent. The typical approach for obtaining extraordinary optical transmission is to perforate the metal layer with holes or slits [2] - [5] through the excitation of surface plasmons or cavity modes [2] - [4] . A metal layer with a periodic array(s) of metal ridges, grooves or nanoparticles on one or both of its surfaces has also been utilized to obtain enhanced transmission through strong coupling of light to plasmons [8] - [10] . Making a high-conducting metal transparent has also drawn much attention [11] - [13] . For instance, enhanced optical transmission or broadband optical transparency has been achieved with a nanowire metallodielectric composite structure [12] or with a nanomesh metal film [13] . By employing metal gratings of narrow slits, a broad transparent bandwidth has been theoretically and experimentally demonstrated at a large, oblique angle of incident light [14] , [15] . Photonic band-gap effects are predicted to create a broad transparent bandwidth for a periodic structure composed of alternating metal and dielectric layers [16] . Nevertheless, the large periodic structure or low optical transmittance of common metal structures becomes major obstacles to numerous applications in highly integrated optoelectronic devices [17] .
Recently, it has become possible to enhance the optical transmission of metal film structures through the design of novel plasmonic nanostructures. An extraordinary transmission window with polarization-sensitivity and wide-angle operation in both the visible and near-infrared regions has been realized in a metal layer without any slits or holes [18] ; the lack of slits or holes contributes to the fully retained electronic and mechanical features of the natural metal [19] . More recently, broadband transparent ultrathin metallic nanostructures have been theoretically realized in near the infrared region with two perfect blackbodies [20] . Enhanced optical transparency and anti-reflection have been observed in subwavelength metallic structures [21] , [22] through the excitation of surface plasmons [23] , [24] or cavity modes [25] , [26] in adjacent plasmonic nanoparticles or stripes. In addition, based on the strong near-field light-matter interaction, fascinating plasmonic behaviors, such as the high-efficiency input and output coupling of far-field optical energy, has also been observed in non-close-packed plasmonic arrays [27] , [28] or metallic nanoparticle clusters with nanoscale gaps [29] , [30] . These materials provide an opportunity to guide light in the form of surface plasmon waves and develop integrated photonic chips. The gap-plasmon guided mode, supported by a silver square close to a metal layer, caused metamaterial absorbers with filmcoupled colloidal nanoantennas to show a strong insensitivity of anti-reflection to the angle of incidence and polarization [31] . We have also theoretically obtained near-unity light transparency in metal film structures through the cooperative effects of strong near-field plasmon coupling in nonclose-packed nanoparticle arrays, surface plasmon waves on a metal layer and their hybridization modes [32] - [36] . However, the transparent bandwidths of these structures are very narrow and are far from the broad bandwidth optical transparency required for highly integrated optoelectronic devices.
In this work, we design a new dual film-coupled structure by introducing dual dielectric coupling films between the hexagonal non-close-packed plasmonic disk arrays and the metal layer. The structure has a broad, near-unity optical transparency that is independent of the angle of incidence and polarization of the incident light. For a particular structure we find a bandwidth greater than 300 nm centered at 1280 nm with a transmittance greater than 90%. The calculated transparency bandwidth of the proposed structure is much greater than that of the structure without the coupling dielectric films [32] , [34] . The greatly improved light transparency primarily benefits from the additional film-coupled plasmon cavity modes and the strong near-field plasmon coupling of the electric and magnetic resonances between adjacent metallic nanoparticles and between the plasmonic array and the metal layer. The broadband near-unity light transparency can be highly tailored by varying the structure parameters and the refractive index of the dielectric around the structure.
Design of Structure and Simulations
The proposed structures are shown in Fig. 1 . Fig. 1(a) shows the metal layer with double hexagonal non-close-packed plasmonic disk arrays directly coated on the top and bottom surfaces of the metal, as reported in our previous work [34] . By introducing two ultrathin dielectric films between the plasmonic arrays and the metal layer, a new broadband optical transparent metal structure is formed, as shown in Fig. 1(b) . The period ðPÞ of the metal (silver, Ag) disk arrays, the diameter ðDÞ and the height ðHÞ of the Ag disks, and the thickness ðt Þ of the intercalated ultrathin dielectric films are marked in Fig. 1 . The height H of the disks is equal to the diameter D. The thickness of the flat Ag layer embedded in the middle of the proposed structure is 20 nm. The permittivity of Ag is described by 13 Hz determined from fits to experimental data [37] . In the following simulations, we chose magnesium fluoride ðMgF 2 Þ with a refractive index of 1.4 to form the intercalated dielectric coupling films and set P ¼ 60 nm, D ¼ H ¼ 55 nm, and t ¼ 10 nm, unless otherwise specified. Simulation calculations were performed using the three-dimensional finitedifference time-domain (FDTD) method [38] with plane wave illumination along the z axis in the negative direction. The infinite arrays were simulated with periodic boundary conditions along the x and y directions around the unit cell and perfectly matched layers along the z direction. Furthermore, meshes were refined until convergence was obtained, and the simulations ran long enough to resolve all the sharp features in the power spectra. Fig. 2 shows the power transmittance spectra and the transmittance enhancement factors of the pure Ag layer, the metal structure without the coupling film, and the metal structure with one and two coupling films. The pure Ag layer with a thickness of 20 nm is almost opaque in the near-infrared region by itself, as shown by the line with black squares in Fig. 2(a) . Surprisingly, by structuring the Ag layer with non-close-packed Ag disk arrays on both surfaces of the Ag layer, an enhanced transmission band with transmittance ðT Þ of up to 78.7% is clearly observed at a wavelength ðÞ of 872 nm, as shown by the line of red circles in Fig. 2(a) . According to our previous studies, this greatly enhanced light transmission primarily originates from the cooperative effects of the strong near-field plasmon coupling of the input and output optical fields of the non-close-packed plasmonic arrays, the efficient excitation of surface plasmon waves in the Ag layer and the hybridization modes of the surface plasmon waves [32] - [36] . The coupling between the input and output optical fields offers us a new way to design and fabricate transparent metal structures utilizing near-field plasmon resonances [27] and plasmon cavity modes [21] . Unfortunately, one major drawback of this kind of structure is the limited transparent bandwidth. As shown by the results in Fig. 2 (a) and 
Results and Discussion

Fig. 2. (a)
The power transmittance spectra of a pure Ag layer, the metal structure without the coupling film, metal structure with one coupling film, and the proposed structure with two coupling films. (b) The power transmittance enhancement factors of the structure without the coupling film, the structure with one coupling film, and the proposed structure. Á 1 ¼ 778 nm and Á 2 ¼ 369 nm are the bandwidths with transmittance enhancements greater than 10 or 20, respectively. Here, P ¼ 60 nm and
reported in our previous studies [32] - [36] , the widest transparent bandwidth is less than 100 nm when the transmittance is as high as to 85%, which is far from the requirements for broad bandwidth optical transparency in highly integrated optoelectronic devices. When one dielectric film is intercalated between the plasmonic array and the Ag layer, it can be seen that the transmittance spectrum shows a significant broad semi-transparent band from 850 nm to 1270 nm [as the shown by the olive line of triangles shown in Fig. 2(a) ]. Compared with the spectrum of the structure without the dielectric coupling film [see Fig. 1(a) ], the broad spectrum shows an additionally enhanced transmission band around 1186 nm. This result indicates that adding one dielectric film between the plasmonic array and the Ag layer produces a new transmission channel or resonant mode. The decreased transmittance in the broad spectrum primarily results from the mismatch between the supporting transmission channels or modes at the different sides of the Ag layer, which causes a reduced efficiency of light coupling input and output.
When dual ultrathin dielectric films are added to the structure, as shown in Fig. 1(b) , an extremely broad transparent bandwidth with a maximum T exceeding 94.8% is achieved, as shown by the blue pattern in Fig. 2(a) . The bandwidth for T greater than 90% is 310 nm in the optical regime, and the semi-transparent bandwidth ðT 9 50%Þ is even greater than 600 nm. Compared with the properties of the structure with a single intercalated dielectric film, the improved near-unity transmittance and the broadened bandwidth of the structure with dual ultrathin dielectric films suggest efficient coupling of the input and output between the top and bottom parts. In other words, the introduction of dual dielectric coupling films contributes greatly to the improved transmittance and broadened transparent bandwidth of this structure.
The transmission enhancement factors, defined as the power transmittance of these structures divided by that of the pure Ag layer, are also studied and the results are shown in Fig. 2(b) . An enhancement factor of up to 9.6 is observed in the structure without the coupling film, shown by the line of red squares in Fig. 2(b) . The line of olive triangles in Fig. 2(b) shows a broadened spectrum with a small enhancement factor of 4.5 to 7.9, meaning the structure with only one coupling film has low efficiency light transmission. However, for the structure with two coupling films, exciting optical transmission features are observed. For enhancement factors above 10 and 20, the transparent bandwidths ðÁ 1 ; Á 2 Þ reach 778 nm and 369 nm, respectively. In particular, at ¼ 1400 nm, the enhancement factor is greater than 27. Compared with those found in the structures designed and investigated previously [34] , [39] , these improved features suggest the great advantages of the dual-film structure in potential optoelectronic applications. Note that to highlight the superior optical performance of the proposed structure, optimal structure parameters are employed in Fig. 2 . The effects of these structure parameters on the power transmittance of this proposed structure will be discussed in detail later.
To deeply understand the transparency in this novel structure, normalized electric and magnetic field intensity distributions and modes were further analyzed. Fig. 3(a) shows the normalized electric field intensity ðE =E in Þ 2 distributions in the xz cross-sectional plane of the structure without the intercalated film at ¼ 872 nm. The electric field intensity strongly confined in the nanoscale gaps between adjacent Ag disks suggests the excitation of plasmon cavity modes. The plasmon cavity modes could support the strong light-plasmon coupling and produce a polarizationindependent and incident angle-insensitive response [31] - [36] with high light transmittance, which will be presented and analyzed in detail below. Fig. 3(b) shows the normalized electric field intensity distributions at ¼ 1128 nm in the xz cross-sectional plane of the proposed structure with dual filmcoupled plasmonic arrays. To improve our understanding, the electric field intensity distributions at different z values in the xy cross-sectional plane are also calculated. Fig. 3(c) shows the electric field intensity distributions at z 1 as marked in Fig. 3(b) . It is clear that extremely strong electric field energy is confined in the gaps between adjacent Ag disks along the incident polarization direction (x direction); this confinement verifies the actual excitation of near-field plasmon resonances [27] with strong coupling to the incident optical fields. The strong electric field intensity distributions at z 2 of the upper intercalated dielectric film shown in Fig. 3(d) indicate that the newly introduced coupling and confinement of optical fields between the top plasmonic array and the Ag layer. Fig. 3(e) shows the electric field intensity distributions at z 3 ; these distributions are very similar to those observed at z 1 and suggest a highly efficient light coupling output effect. The obvious electric field intensity distributions at z 4 of the bottom intercalated dielectric film are shown in Fig. 3(f) and have great similarities to those of the top film. Compared to the electric field intensity distribution patterns of the structure without the coupling film, the proposed structure not only shows strong electric field intensity distributions confined in the gaps between adjacent disks but also supports obvious electric field intensity distributions in the intercalated dielectric films. The localized electric field intensity distributions in the dielectric films could enhance the plasmon coupling between adjacent plasmonic disks and produce efficient excitation and extraction of the surface plasmon waves on the Ag layer through the near-field light-plasmon interaction, similar to the illumination and detection tips in near-field scanning optical microscopy measurements [40] .
Because ultrathin dielectric films are used as the intermediate films between two metallic parts in the proposed structure, we further investigate the physical mechanisms of the improved transparency response by analyzing the magnetic resonances. Fig. 3(g) shows the calculated cell enclosed by the red rectangle and two different cross-sectional planes at y 1 and y 2 (blue dashed lines). Fig. 3(h) shows the normalized magnetic field intensity ðH=H in Þ 2 distributions at y 1 . The main magnetic field intensity is clearly concentrated in the area between the dual plasmonic arrays, suggesting the excitation of a magnetic resonance. Fig. 3(i) shows the normalized magnetic field intensity distributions at y 2 . In the current vector distributions, the magnetic field intensity in the proposed structure at ¼ 1128 nm shows an antiparallel current distribution, and verifies the excitation of an asymmetric plasmonic resonant mode. The additional magnetic resonance is well known to have the potential to further improve the anti-reflection of the incident optical fields [31] . Therefore, it is reasonable to achieve a near-unity transparency spectrum in this proposed motif.
The long-wavelength transparent band centered at ¼ 1320 nm in the proposed structure was further investigated by analyzing the corresponding normalized field intensity distributions. Fig. 4(a) shows the normalized electric field intensity distributions strongly confined in the gaps between adjacent Ag disks and shows the obvious electric field intensity distributions in the intercalated dielectric films. The cross-sectional electric field distributions at different positions as marked with z 1 , z 2 , z 3 , and z 4 in Fig. 4(a) are shown in Fig. 4(b) -(e), respectively. These patterns show great similarities to those observed in Fig. 3 and suggest the excitation of near-field plasmon resonances. However, the normalized magnetic field intensity distributions, as shown in Fig. 4(f) and (g), are quite different from those observed in Fig. 3(h) and (i) . Obviously, the major magnetic field After discussing the mechanisms of the near-unity and broad optical transparency in the proposed structure, we have investigated in detail the features of the responses by varying the structure parameters. Here, we investigate the spectral response by tuning the thickness t of the intercalated dielectric films from 0 nm to 50 nm at intervals of 5 nm. Fig. 5(a) shows the power transmittance spectra of the proposed structures with different t . As the thickness t increases, two major features can be observed. First, the transmittance of the transparent band increases and subsequently decreases with a maximum value of 95% when t ¼ 10 nm. The strongly enhanced light transmittance emerges only in a small thickness range ðt G 20 nmÞ and corroborates the large contributions of the near-field plasmon resonances [27] - [30] . As t continues to increase, the near-field plasmon coupling between the plasmonic arrays and the Ag layer decreases, leading to the weak light transmittance. Secondly, the transparent band shows an obvious red shift as t increases. The detailed frequency shifts as a function of t are shown in Fig. 5(b) . When the thickness t of the intercalated films is less than 30 nm, the transmittance spectrum shows double transmission bands. As the thickness t increases from 30 nm to 50 nm, the central position of the transparent band shows a linear increase in the wavelength, indicating the excitation of plasmon cavity modes [21] .
To get insight into the effect of t on the transparency, we consider the structure with a large t of 50 nm and analyze the field distributions of the structure. Fig. 6 shows the normalized electric and magnetic field intensity distributions at ¼ 1628 nm. The cross-sectional electric field intensity distributions with t ¼ 50 nm is shown in Fig. 6(a) . A strong light coupling input at the incident side and a weak light coupling output at the rear side can be clearly seen. Fig. 6(b) and (c) show the crosssectional electric field distribution maps at the positions marked with pink dashed lines in the xy plane, respectively. Because of the thick dielectric films used here, the coupling between the plasmonic arrays and the Ag layer is no longer efficient [31] , and this reduced efficiency directly leads to a reduced transmittance. Fig. 6(d) and (e) show the normalized magnetic field intensity distributions and suggest the excitation of a symmetric plasmonic resonance. At the incident side, there is a strong magnetic field intensity distribution between the plasmonic array and the Ag layer. At the rear side, a much weaker magnetic field intensity distribution is found. These distributions further confirm that the crucial contributions to the near-unity transparency of the proposed structure benefit from the excitation of efficient near-field plasmon resonances.
Based on previous reports [27] - [30] , the near-field plasmon coupling between adjacent plasmonic nanoparticles could be strongly modified by the gap distance. In this work, the transmittance responses for various values of the period were further investigated. Fig. 7 shows the power transmittance spectrum evolution as a function of the period P. As P increases, the broadband nearunity transparency spectrum shows an obvious blue shift in wavelength and a decrease in the transmittance. An increased gap distance between the adjacent Ag disks leads to the weakened near-field plasmon coupling of adjacent disks [41] and an asymmetric plasmon resonance mode because of the weakened magnetic resonances. These directly lead to a low-efficiency coupling of the incident optical fields [27] and an obvious blue shift in the wavelength of the plasmon resonant peak. Fig. 8 shows the power transmittance spectrum and the normalized electric and magnetic field intensity distributions of the proposed structure for P ¼ 85 nm. A narrow bandwidth with enhanced light transmittance is observed in Fig. 8(a) , which is weaker than that of the proposed structure with P ¼ 60 nm. Meanwhile, the maximum enhancement factor of the light transmittance is only 6, as shown in the inset, far less than the 27 observed in Fig. 2 . The normalized electric field intensity distributions at ¼ 639 nm are shown in Fig. 8(b)-(d) . Compared with the electric field distributions of the structure with P ¼ 60 nm, the electric field intensity confined in the gaps is clearly much weaker; the weaker field indicates the low efficiency of the light coupling and a small transmittance enhancement. For the electric field intensity distributions shown in Fig. 8(d) , the plasmonic arrays become almost single resonant nanoparticles without obvious coupling effects between each other. This degeneration of the coupling effect usually leads to a narrow bandwidth plasmonic response [41] . The normalized magnetic field intensity distributions in the y 1 and y 2 sectional planes are displayed in Fig. 8(e) and (f), respectively. Similarly, the magnetic field intensity concentrated in the area between the dual plasmonic arrays is greatly weakened, suggesting the weakened magnetic resonance. The antiparallel current distribution also indicates the excitation of an asymmetric plasmonic resonant mode. These findings again demonstrate that the increased period or gap distance weakens the near-field plasmon coupling of adjacent disks [41] and thus leads to a low efficiency of coupling of the incident optical fields [27] .
Next, we investigate the spectral response by changing the dielectric refractive index ðnÞ of the intercalated films. Fig. 9(a) shows the power transmittance spectrum response for an increase of n from 1.0 to 3.0. As n increases, the transmittance spectrum shows an obvious increase in bandwidth but a slight decrease in transmittance. These behaviors may originate from the broader resonant wavelength range supported by the higher refractive index cavity and the increased power reflectance caused by the larger impedance mismatch in the free air. The transparent band positions as a function of n are shown in Fig. 9(b) . Nearly linear red shifts of both transparent bands ð SÀP ; LÀP Þ with increasing n again confirm the excitation of plasmon cavity modes. In addition, we also performed detailed investigations on the height H of the proposed structure. We find that the near-unity broadband transparency could be retained and the linear relationship of the red shift of the transmittance central wavelength could be achieved by increasing H (results are not shown here). These results also indicate the excitation of strong plasmon cavity modes. As discussed above, the transparent regions of our proposed structure can be tuned by controlling the diameter of the Ag disks, the period of the disk arrays and the thickness of the dielectric films inserted between the double metal parts.
For the proposed structure, we further studied its optical response by changing the polarization and incident angle of the irradiation. As shown in Fig. 10(a) , the power transmittance spectra are nearly the same at polarization angles from 0 to 60 . Fig. 10(b) shows almost unchanged power transmittance spectra at different oblique angles of incident light. The polarization-independent and incident angle-insensitive phenomena are the major results of the high symmetry of the structural geometry and the localization features of the excited plasmon resonant modes [27] - [30] in the proposed structure. Similar insensitivity to the angle of the incident light is also found for s-polarized light (results not shown here). 
Conclusion
In summary, we have proposed and demonstrated a novel deep subwavelength metal-layered structure with film-coupled dual plasmonic arrays. A significantly improved broadband and nearunity transparency spectrum with polarization-independence and incident angle-insensitivity in the optical regime is achieved through the near-field plasmon coupling between the plasmonic array and the metal layer and between adjacent plasmonic nanoparticles. The transparent regions and the near-unity transparent response could be highly modified by tuning the geometry parameters and the dielectric refractive index of the proposed structure. In addition, the period of the plasmonic arrays and the thickness of the nanometer-separated plasmonic structure are less than /20 and /8, respectively. These features suggest that the proposed motif could have numerous potential applications in the exciting deep subwavelength optoelectronic devices, including optically transparent electrodes, plasmonic filters, and light input and output circuits.
